tionship to the process of antibody formation were not histiocytes, but resembled lymphoblasts in all observed respects. Although these cells were not necessarily lymphoblasts in the sense of being immature lymphoid cells, it was conceivable that they were lymphocytes which were greatly enlarged because they performed some special function.
In order to arrive at a better understanding of these questions, it seemed desirable to gather more precise knowledge of the events that take place in the lymph node during antibody formation. We therefore compared the production of antibodies and cells in the lymph node, and analyzed the simultaneous morphologic changes in the lymphatic tissue. It was found that the popliteal lymph node of the rabbit was particularly suitable for our investigation because it is the sole node that drains the hind foot, and is large enough to allow a separate study of all parts of the system: the local tissue injected with the antigen, the afferent lymph, the popliteral lymph node, the efferent lymph, and finally the serum.
Material and Method
The rabbits injected were male Chinchillas weighing about 2000 gin. The antigens used were typhoid bacilli and sheep erythrocytes, and the antibodies determined were typhoid-agglutinin, erythrocyte-hemolysin, and erythrocyte-agglufinin. For control studies in 16 animals the opposite leg was injected with 1 per cent solution of crystalline egg albumin while in 9 others the opposite leg was not injected at all (Table II) .
The antigens were prepared as follows: The typhoid bacilli were taken from an 18-hour culture of an old laboratory strain O 901, washed 3 times by centrifugation in saline, heated in the 56°C. water bath for 1 hour, and then suspended in an approximately 50 per cent suspension. The sheep erythrocytes were collected from blood drawn within the week, washed 3 times, and suspended in approximately 50 per cent suspension. In all cases 0.2 cc. of antigen was given subcutaneously in the plantar surface of the hind foot, close to the toes, and the puncture wound was closed with collodion. Details of the individual experiments are given in Tables I and IL For the collection of the lymph the animal was anesthetized with amytal, the skin of the inner aspect of the knee incised, the semitendinosus and semimembranosus muscles cut, and the popliteal lymph node exposed (Text- fig. I ). The lymph was collected through a 27-gauge needle into a "tuberculin" syringe moistened with sodium citrate solution. A ligature placed around the lymphatic served to distend it and provided a better hold on the vessel. By this method we were able to collect from the efferent vessel an average of 0.17 cc. of lymph within 7 minutes, and occasionally as much as 0.6 cc. in 6 minutes (Tables I and II) . After the lymph had been obtained the animal was killed by ether. Then blood was collected from the heart, the lymph node was excised, weighed, and fixed in Helly's fluid, and finally the sections were stained with Azur II-eosin.
The determination of antibodies presented a technical problem because of the small yields of lymph. Occasionally the amounts collected were too small for use. The dilutions were in 0.1 cc. quantities, usually in steps of two, done as far as possible with Kahn pipettes. For the respective tests the technique was as follows:--1. The typhoid bacillus agglutination was done by incubating equal quantities of the dilution of lymph or serum and antigen suspension overnight at 50°C. The antigen was prepared from the suspension used for injection, and was quite light.
2. Two tests were performed in the cases of the erythrocytes. The hemolysin test was done by mixing 0.1 cc. quantities each of diluted serum or lymph, 5 per cent sheep erythrocyte suspenson, and 1 : 10 pooled guinea pig complement. The mixture was made up to 0.5 cc. with saline and incubated for 30 minutes. The agglutination tests were done by adding 0.1 cc. quantities of serum or lymph dilution to like quantities of a 1 per cent erythrocyte suspension. All rabbits were tested before injection for sheep erythrocyte antibodies.
Lymph node extract was prepared by drying the lymph node in accordance with the Cryochem 1 process then extracting it in a mass of water equal to the weight of tissue dried. Tissue extract from the site of injection was similarly prepared.
1 The Cryochem process consists of dehydration of solutions from the frozen state, the freezing being accomplished by reduction in atmospheric pressure (Flosdorf, E. W., and Mudd, S., J. Immunol., 1938, 34, 469) .
RESULTS

The Time and Site of Appearance of Antibodies
In preliminary experiments a comparative study was made of the antibody titers at the site of injection, in the afferent lymph, in the substance of the lymph node, in the efferent lymph, and in the serum. Seven rabbits were injected with typhoid vaccine in the left hind foot and sheep erythrocytes in the right. The results of these experiments are presented in Table I . It can be seen that in the area of injection and in the afferent lymph the titers remained very low. Moreover, one notes that a great increase in titer took place within the lymph node, and that in some cases titers of lymph node extract and of efferent lymph were higher than those in the serum at the same time. This was found in some typhoid and some erythrocyte experiments. It is also apparent that the number of leucocytes per c.mm. were grouped about an average of 5000 in the afferent lymph, and about 67,000 in the efferent vessel. Inasmuch as a comparable protein concentration in afferent and efferent lymph excludes absorption of water in the lymph node (Drinker and Yoffey (7)), our results can be taken to mean that in the rabbit antibodies are formed within the draining lymph node. Furthermore, this conclusion is valid for different types of antibody reaction.
The Relative Antibody Titer in Lymph and Serum
Let us now turn to our main series of experiments and compare the antibody titers in the efferent lymph of the injected foot with the titers found in the serum and in the lymph of the other foot. It can be observed from Table II that the titers in the serum at first lagged slightly behind those in the efferent lymph of the injected foot, but soon rose to figures that were considerably higher, the peaks being reached on or about the 9th day, that is, after the peaks in the lymph had been passed. The titers in the efferent lymph of the opposite foot remained very low throughout the experiment. As a matter of fact, they never reached figures greater than would be expected as a result of leakage of antibodies into the tissues from the circulating blood.
The Relation of Antibody Titer of Lymph to the Cells of the Lymph and to the Weight of the Lymph Node
In comparing the antibody titers in the efferent lymph of the injected foot with the number of cells in this lymph and the weight of the lymph node, we find (Table II and Text- fig. 2 ) that in the typhoid experiments agglutinins appeared in the efferent lymph as early as the 2nd day; however, the titer began to rise steeply only the 4th day. They reached an average of about 1 : 190 on the 6th day and thereafter declined slowly. The number of cells rose from an average of 17,000 per c.mm. before injection (12 control experiments) to an average between 50,000 and 60,000 on the 3rd day and maintained this level for at least 3 weeks. The weight of the lymph node rose from an average of 0.19 gm. to one of almost 1.00 gm., the latter being observed on the 9th day.
In the erythrocyte experiments similar observations were made. Here, too, the titers did not begin to rise steeply until the 4th day, although hemolysins had appeared on the 3rd day; and the agglutinin titer rose to an average of about 1 : 32, and the hemolysin titer to 1 : 230, both on the 6th day. However, in the erythrocyte experiments the titers fell more quickly than in the typhoid experiments, the agglutinins having disappeared from the lymph as early as 14 days after injection, and the hemolysins after 29 days. The number of cells and the weight of the lymph node showed similar changes. The number of cells rose to an average between 50,000 and 60,000 per c.mm., which lasted less than a fortnight; and the average weight of the lymph node did not rise higher than 
The Nature of the Cells in the Lymph
In making films for differential counts the same diificulties were encountered which Rous (8) and Drinker and Yoffey (7) described and attributed to the lack of "body" or protein content of the lymph as compared with blood. Nevertheless the film method was used, because approximate values seemed to be all that was needed. In 14 typhoid experiments in which this method was employed the percentage of small lymphocytes was found to drop from 98 or 99 per cent before injection to an average of 93 per cent during the 1st week of the experiment; while the percentage of large lymphocytes rose from 2 or 3 per cent to an average of 6 per cent, the largest single observation being to 11 per cent. Monocytes were scarce except during the first 3 or 4 days when some rabbits showed 1 or 2 per cent of these cells; while the granulocytes in some rabbits amounted to 4 per cent on the 2nd day, and to 2 per cent on the 3rd. Similar results were obtained in 9 erythrocyte experiments though the changes were less marked.
Morphologic Changes in the Lymph Node
The morphologic changes observed in the regional lymph node were essentially the same in both series of experiments, although in the typhoid series they were more severe than in the others. In all cases the changes began with a granulocytic infiltration and the appearance of some monocytes. This was followed by a rather diffuse lymphoid hyperplasia, with or without solid secondary nodules, and on the 4th day was superseded by an appearance and enormous hyperplasia of Flemming's secondary nodules (so called germinal centers) which lasted until the end of the experiments.
In the typhoid series, large numbers of granulocytes were found in the marginal sinus after 3 hours; after 6 hours they were seen also in the interior sinus as well as in the postcapillary veins and their neighborhood, and a few hours later they had infiltrated some of the secondary nodules. Mter 1 and 2 days numerous granulocytes, both free and within macrophages, were seen everywhere in the sinus and in the secondary nodules. On the 3rd and 4th days many granulocytes had been phagocytosed, and on the 5th day they had practically disappeared.
The granulocytic infiltration was soon followed by the appearance of typical monocytes, of the size of large lymphocytes, with bean-shaped nuclei and pale cytoplasm. These ceils were first seen in the marginal sinus after 16 hours (Fig. 7) , and in a day or two many were found also in and near the postcapillary veins. The sinus continued to contain monocytes after the granulocytes had disappeared, though their number progressively decreased.
In the lymphatic tissue proper we first observed enlargement of the preexisting secondary nodules, both tile solid nodules and those of Flemming's type. A zone of large gray-blue lymphoid cells appeared along the marginal sinus, particularly around the secondary nodules, occasionally even replacing them (Fig. 8) . This area closely resembled the outer zone so often found around the Malpighian bodies of the spleen. On the day following the injection a few secondary nodules of Flemming's type were still present; but after 2 days they had disappeared in the cortex. The latter was now tremendously enlarged and consisted of a diffuse lymphoid tissue (Figs. 3 and 4) which contained many large lymphocytes and mitotic figures. This picture continued until the 4th day. Small or indistinct secondary nodules of Flemming's type then made their appearance, and became prominent on the 6th day. After 9 and 14 days there were numerous large confluent Flemming's secondary nodules (Figs. 5 and 6), the diameter of the pale centers being 3 to 4 times that of the centers in our controls (Figs. 1 and 2 ). There were many mitoses in the pale centers, and numerous tingible bodies were present in the macrophages. The secondary nodules began to decline after 21 days, although they continued to be prominent until the end of the experiment.
In addition to these changes, small foci of epithelioid cells were found in the sinus and lymphatic tissue in 10, and large foci in 4 of 18 animals which were sacrificed after 6 days or later (Figs. 10 and 11) . Extramedullary myelopoiesis (granulocytopoiesis) was found in the centers of some Flemming's secondary nodules in 9 animals of 18 which were killed after 6 days or more.
Our erythroeyte experiments resembled the typhoid experiments in that many granulocytes were found in the marginal and interior sinus as well as in and around the postcapillary veins on the day following the injection. However, after 2 days only occasional granulocytes were found, and after 4 days they had disappeared.
Monocytes were conspicuous in the sinus only during the 1st day after injection, although a few were to be found for 2 or 3 days thereafter. In the animal which was sacrificed after 1 day (rabbit 2-4), large numbers of monocytes were seen in an efferent lymph vessel as well (Fig. 9) . This seems to indicate that these monocytes had arrived from the periphery of the system.
The preexisting secondary and pseudosecondary nodules also underwent swelling. Mter 3 days, however, although distinct pseudosecondary nodules wer e still visible, a more diffuse hyperplasia resembling that in the typhoid experiments was generally in evidence. Flemming's secondary nodules did not entirely disappear except in 1 of 4 animals sacrificed on the 2nd day, and in 1 of 5 animals sacrificed on the 3rd day. On the latter day many large lymphocytes were found in the lymphatic tissue, and mitoses were frequent. As in the typhoid experiments, Flemming's secondary nodules became larger and more distinct on the 4th day. Their diameter reached 2 or 3 times the normal size on the 9th day, and thereafter they became progressively smaller. There were many mitoses in the pale centers, and numerous tingible bodies were present in their macrophages.
The large nests of epithelioid cells observed in some typhoid experiments were conspicuously absent in the erythrocyte series, although small foci were found in 8 of 17 animals sacrificed after 6 days or more, whereas extramedullary myelopoiesis in Flemming's secondary nodules was observed in 11 rabbits of 32 which were killed after 3 days or later. (In 8 of the latter the other foot had been injected with typhoid vaccine, and in 3 with egg albumen.)
Finally, in the egg albumen experiments, only a very few granulocytes and monocytes were seen in the popliteal lymph node 2 and 3 days after injection, but the hyperplasia of the lymphatic tissue was almost as marked as in the erythrocyte experiments. As a matter of fact, in the two animals which were sacrificed after 3 days the cortex was diffusely enlarged and consisted of large pseudosecondary nodules with only solid secondary nodules; and Flemming's secondary nodules appeared in 4 days and reached their peak on the 6th day, when their diameter had about doubled. Small or moderately large nests of epithelioid cells were seen in the lymphatic tissue in the 4 animals sacrificed after 14 and 21 days, but extramedullary myelopoiesis in Flemming's secondary nodules was not observed.
DISCUSSION
Comparison of Our Dala with Those in the Literature.--Before attempting to correlate our data, let us briefly consider whether or not they should be regarded as representative. Comparative data on the number of ceils in the lymph of peripheral lymph nodes in rabbits are scanty, except in the Japanese literature, which is not readily available. Under normal conditions, the afferent lymph of the popliteal lymph node has been found to contain from 1100 to 3500, or averages of from 2050 to 2200 white cells per c.mm. (Nil (9), Okaue and Hojo (10)), while the efferent lymph of this node contained from 1000 to 20,400, or averages of from 5200 to 9900 cells (Nii (9), Nakagawa (11), Horii (12)), and that of axillary lymph nodes from 9000 to 24,000, or an average of 14,650 cells (Menkin and Freund (13)); whereas after subcutaneous injection into the foot of lycopodium, egg albumen, frog blood, etc., the number of white cells in the efferent lymph of the popliteal lymph node rose to averages of 22,000 to 50,000 per c.mm. (Horii (12) ). Our own data are in good accord with the above figures, the number of white ceils in the efferent lymph of our normal rabbits, for instance, amounting to an average of 17,000 cells, which is especially close to the data of Menkin and Freund. As to the differential counts of the white cells in the efferent lymph of normal rabbits, we found from 99 to 100 per cent lymphocytes and from 0 to I per cent monocytes, which agrees with the data of Menkin and Freund (13), Nil (9), Aoki (14) ,,and Nakagawa (11) . However, we observed a larger number of large lymphocytes and a smaller number of small lymphocytes in the efferent lymph. Finally, our finding relatively few monocytes and granulocytes in the efferent lymph in comparison with the afferent lymph and in the lymph node proper is of particular interest since Drinker and Yoffey observed (7) an unusually high percentage of monocytes in the peripheral lymph as compared with values reported for the central lymph. These observations can mean only that in our experiments these granulocytes and monocytes were retained or filtered off in the lymph node.
Our antibody titers compare well with those of McMaster and Hudack (1). As to the time of their appearance, our method allowed a somewhat earlier detection than that reported by these authors.
The Correlation and Interpretation of the Data.--First in the chain of events following the injection was the appearance in the sinus of granulocytes and monocytes, some of which arrived by way of the lymph stream, while others seemed to emigrate from the postcapillary veins within the lymphatic tissue. The latter observation seems to indicate that part of the antigen had been carried through the lymph into the lymph node, where it caused exudation. The appearance of granulocytes and monocytes was soon followed by general enlargement of the lymphatic tissue, including the preexisting secondary nodules. This enlargement was due chiefly to the appearance of small and medium sized lymphocytes, although increasing numbers of large lymphocytes were also observed. The enlargement of lymphatic tissue was accompanied by an increase in weight of the lymph node and by the output of large numbers of cells, especially small lymphocytes, through the efferent lymph; all these reactions reached their peak 3 days after injection of the antigen, this peak being apparent in all three experiments. The second phase, appearing on the 4th day and reaching its peak on the 6th to the 9th day, was characterized by the appearance of antibodies in the efferent lymph and serum and by the development of large secondary nodules of Flemming's type (so called "germinal centers") in the lymph node. The weight of the lymph node continued to increase, and the number of lymphocytes in the efferent lymph remained elevated. Thus the rise in antibody titer in theefferent lymph followed on the heels of the increase in the number of lymphocytes in this lymph, but coincided or preceded the development of Flemming's secondary nodules in the lymph node.
In interpreting these results we shall first see whether they point to the so called germinal centers as the site of production of antibodies, and then whether they point to the lymphocytes or the reticuloendothelial cells as the cells concerned.
It is true that the secondary nodules erupted or developed simultaneously with the antibodies. However, in the typhoid experiments at least, they reached the peak of their development only after the peak of antibody formation had passed, and they continued to be active long after the antibody titer had begun to decline.
As to the reticuloendothelial cells, we observed that they became active during the experiments, and that in some cases large foci of epithelioid cells were observed. However, marked proliferation of epithelioid cells was seen onl~ in a few typhoid experiments; and it would seem that this was due to the same probably toxic factors which cause the well known reticuloendothelial reaction in human typhoid fever. On the whole, the reticuloendothelial cells remained quite inconspicuous; foci of epithelioid cells appeared only where granulocytes were engulfed; they were in no way parallel to the antibody titers.
On the other hand, the lymphocytes increased enormously in number and there was a great rise in lymphocyte output through the efferent lymph. These events took place shortly before the antibodies made their appearance. We feel that this observation alone suggests that the lymphocyte may play an important r61e in antibody formation.
We have no information at present on the nature of the r61e which the lymphocyte may play in antibody formation. It may be that it is not concerned in the production of antibodies, but has some other function of which we are not yet aware. On the other hand, it may take an active part in the elaboration of antibodies. It is true that it does not phagocytose, and therefore cannot absorb corpuscular matter. But it may have the faculty of absorbing dissolved antigens or their split products; and it may perhaps go into action only after the raw material has been properly prepared by the action of phagocytes or other mechanisms. However this may be, our results lend little support to the idea that the antibodies are products of the reticuloendothelial cells alone. This latter concept, in fact, is hardly consistent with the complex chain of events in the lymph node during the formation of antibodies as we have here described it.
SUM'MARY
Typhoid vaccine and sheep erythrocytes were injected subcutaneously into the feet of rabbits, and the subsequent formation of agglutinins and hemolysins in the popliteal lymph node was compared with the output of lymphocytes through the efferent lymph and with changes in the lymph node.
Antibodies began to appear in the efferent lymph 2 to 4 days after the injection of the antigen and reached their highest titer after 6 days. This was preceded by a sharp rise in the output of lymphocytes through the efferent lymph, while in the lymph node there was lymphatic hyperplasia after preliminary infiltration of granulocytes and monocytes. This hyperplasia was first of a diffuse type, but was later superseded by large so called germinal centers, the latter lagging somewhat behind the rise in antibody titer.
The fact that the tissue response accompanying the formation of antibodies was chiefly a lymphocytic one points to the lymphocyte as a factor in the formation of antibodies. BIBLIOGRAPHY 
